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Abstract 
 
POLYMER–BASED RESONANT WAVEGUIDE 
GRATING STRUCTURE AND ITS APPLICATIONS 
 
by 
 
Antonio Jou Xie 
Adviser: Professor Sang-Woo Seo 
 Resonance waveguide grating structures have been a subject of interest for several 
decades. This optical technique offers unique advantages when compared with other optical 
components. This stems from their relatively simple structure comprised of layers, as well as 
their high reflection efficiency within a narrow spectral bandwidth. Typical resonance waveguide 
grating structures that exhibit these characteristics are cost effective and fabricated with fewer 
materials than conventional multilayer resonance structures. Essentially, only a grating, 
waveguide, and substrate layer are required for its operation. In addition, unique spectral 
characteristics can be obtained by varying the grating and layer structure. Among these 
characteristics are symmetric low sideband reflections over large wavelength ranges, variable 
spectral bands, and polarization dependent or independent reflections.  
 In the research presented, the basis for the resonance waveguide grating structure is 
developed. The diffraction gratings are fabricated using a photolithographic process. A custom 
setup employing Lloyd’s Mirror Interferometer allows the fabrication of gratings with a wide 
period range. This technique renders uniform and continuous one-dimensional and two-
dimensional structures. The gratings are successfully implemented into a resonance waveguide 
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grating structure. First, an elastomeric polymer resonant waveguide grating structure is 
demonstrated to work effectively as a pressure sensor. The external applied pressure is measured 
optically by the spectrum resonance peak shift the developed sensor incurs. The sensitivity of the 
demonstrated sensor can be tuned to different pressure ranges by adjusting the layer thickness of 
the fabricated waveguide and cladding layers, and also by selecting polymers with certain elastic 
properties. Secondly, an acousto-optic sensor based on the resonance waveguide grating 
structure is presented. The sensor is fabricated utilizing low Young’s modulus polymer-based 
materials allowing the sensor to achieve good sensitivity to ultrasound pressure waves. The 
sensor structural parameters are altered under ultrasound pressure waves that results in an optical 
resonance shift of the sensor characteristics. This process successfully translates into a light 
intensity modulation. Ultimately, the planar structure geometry of the demonstrated sensors in 
this research, allows its potential use for two-dimensional optical pressure imaging applications 
such as ultrasound imaging and pressure wave detection and mapping. 
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Chapter 1 
Introduction 
 
 
 
Resonant waveguide gratings structures have demonstrated very unique properties 
making them an attractive area for a variety of applications in the field of laser physics, optics, 
and biochemistry [1]. Typical structures have multilayer configurations that at its most basic 
form consist of a substrate, waveguide, and grating layer. However, only under specific 
conditions, a resonance phenomenon occurs in these waveguide grating structures. When an 
incident light beam illuminates such structure, a fraction of the beam transmits through the 
structure, and another fraction is diffracted and is consequently trapped in the waveguide layer. 
Part of the trapped light re-diffracts outside of the structure where it subsequently interferes 
destructively with the transmitted fraction of the light source. It is at specific wavelengths and 
light incident angles that the incident light resonates, i.e., light transmits through due to complete 
interference. Structural parameters such as the grating depth, grating duty cycle, and thickness of 
the waveguide layer affect the resonance bandwidth. Structures that exhibit very narrow 
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bandwidth (<0.1 nm) are of interest and have its applications in switch and filter applications. 
This unique resonance property, exhibited in both reflection and transmission, can be achieved 
for a given wavelength, angle of incidence, and polarization [2]. These resonant waveguide 
grating structures have a vast number of possible applications in a wide range of fields like laser 
[3-8], biology [9-11], and telecommunications [12]. Among such applications, more specifically 
– presented in this thesis – are pressure monitoring and ultrasound sensing. 
 A pressure sensor is a transducer that converts mechanical energy exerted by a force in 
the form of pressure to detectable signals in the electrical or optical domain. Monitoring 
mechanical pressure has proven to be a vital sensory element taken into account in different 
applications ranging from industrial uses to scientific researches [13-16]. Pressure-sensing 
technologies can be categorized into the following force-collecting types: piezoresistive, 
capacitive, electromagnetic, piezoelectric, optical, potentionmetric [17-24]. Among these, 
electrical pressure sensors have been investigated due to its applications in biomedical, electrical, 
and mechanical engineering [25-27]. However, the performance of electrical pressure sensors 
have been found to be hampered by its sensitivity to external factors such as light, 
electromagnetic field, etc. [28, 29]. Optical pressure sensors, on the other hand, have established 
its presence and offer several advantages. These advantages include: small footprint, lightweight, 
ease in signal transition, superior sensitivity, immunity to electromagnetic interference, and 
potential for high-density arrays [30]. Additionally, optical pressure sensors, unlike their 
electrical counterparts, do not require individual electrical connections. These merits enable 
optical pressure sensors to potentially measure high-resolution pressure distribution over a two-
dimensional structure. 
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 Ultrasound sensing is employed in many fields; one of these areas, ultrasound imaging or 
sonography, is vastly used in the medical field due to its wide range of applications [31-34]. 
Typical ultrasound imaging is obtained using piezoelectric transducers. Ultrasound images are 
created by sending ultrasound pulse waves into tissue by a transducer. These ultrasound pulses 
partially reflect back and create an echo signal based on the density changes that occur in 
between different tissues. Based on this echo signal, an image can be created. Conventional 
ultrasound transducers using piezoelectric transducers have been limited due to their low spatial 
resolution. Theoretically, the spatial resolution can be improved using higher frequencies. 
However, when piezoelectric-based sensors are used as high frequency 2D imaging arrays, many 
technological difficulties need to be addressed [34, 35]. The challenges include smaller sensor 
size, dicing of these piezoelectric elements in the micrometer-size, making individual electrical 
connections to each sensor element, increased noise due to reduced element size, and electrical 
cross-talk between arrayed sensors. An attractive alternative to this is the detection of ultrasound 
waves optically. Optical detection of ultrasound addresses and offers potential solutions to many 
of the issues posed by the typical piezoelectric-based ultrasound sensors [23, 36-44]. For 
instance, no electrical connections are needed near the actual optical ultrasound sensor location.  
 In this thesis, we develop and demonstrate two sensing devices. The first sensor is 
fabricated using low-cost polymer materials that are able to detect mechanical pressure changes 
through changes or modulation of its optical domain. The second sensor is based on the same 
pressure sensor principle were, in this case, ultrasound pulse waves modulate an optical device 
and a measured sensor response is collected using photodetectors. In both devices, the structure 
is based on a polymer resonant waveguide grating structure. Compared to other demonstrated 
optical resonance-based pressure and ultrasound sensors such as Fabry-Perot etalons [22, 23, 37, 
4 
 
45], the fabrication process eliminates complex multilayered mirror fabrication steps. Moreover, 
the resonance peaks of the developed sensors can be easily modified by adjusting the parameters 
of the nanostructures used. This allows the design and fabrication of sensors that supports single 
or multiple resonating modes, resonating peaks in various spectral ranges, etc.  In addition, a 
simple and repeatable process is developed to fabricate these periodic nanostructures that serve a 
critical role in the sensor resonant structure. Furthermore, the low elastic modulus of polymer-
based materials used for these sensors allow for their potential improvement in both pressure and 
ultrasound sensitivity. Ultimately, the geometry of the planar sensor resonant structure allows for 
its potential use in two dimensional optical pressure imaging applications. 
 In the following chapters, the fabrication procedure and measurement for the diffraction 
gratings, pressure sensor, and ultrasound sensor are outlined in detail. Secondly, the mechanism 
of operation for each sensor is discussed. Simulations are conducted to compare theoretical data 
to experimental results for the developed pressure sensor. Static and dynamic characterizations 
are described for the fabricated ultrasound sensor. Lastly, the experimental results and potential 
practical use are demonstrated.  
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Chapter 2 
Diffraction Grating 
 
 
The diffraction gratings presented in this thesis are fabricated solely using 
photolithography. Light-sensitive material or photoresist is targeted and exposed using specific 
laser wavelengths. Exposed areas are developed leaving structures that are dependent on the 
photoresist tone. The remaining polymer structures are used for various purposes. In our case, 
the value of these grating patterns created using the demonstrated lithography process lies in its 
effective integration into resonant waveguide grating structures. 
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2.1 Lloyd’s Mirror Interferometer 
 
The diffraction gratings are fabricated using Lloyd’s Mirror Interferometer method. 
Lloyd’s Mirror is an arrangement that implements only a single light source to produce an 
interference pattern. This interference pattern is fabricated utilizing a mirror that reflects the 
original light source and thereby produces a virtual light source. This configuration of a real and 
virtual light source can be thought of as a double-slit source setup with two real incident light 
sources that essentially undergo the same phenomenon of constructive and destructive 
interference due to the phase difference between the two sources. In contrast with Young’s 
double-slit setup, however, Lloyd’s mirror does not produce single-slit diffraction fringes that are 
overlaid on the double-slit diffraction patterns and modulate its intensity [46].Another difference 
in Lloyd’s method is that the reflected light source undergoes a phase shift of 180 degrees [46]. 
This reverses the dark and bright fringes relative to the pattern produced by two real sources.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Lloyd's mirror interferometer 
θ 
θ 
Ultraviolet laser 
Mirror 
Sample 
holder 
Sample 
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The configuration implemented in our case is shown in Figure 1. It is composed of a 
mirror positioned perpendicular to a sample and a sample holder. An expanded laser beam 
illuminates both the mirror and the sample. As seen, θ is the incident angle of the laser beam on 
the mirror’s surface. The light reflected from the mirror and upon the sample superimposes with 
the expanded light wave creating constructive and destructive interference. This process creates a 
grating pattern on the sample. The grating fabrication set up is shown in Figure 2. The set up 
consists of a 405nm ultraviolet (UV) 30mW laser, a spatial filter, a shutter, and an aperture, in 
conjunction with the interferometer mentioned previously.  
 
 
 
 
 
(a) 
 
(b) 
Figure 2 - Experimental setup for grating fabrication. (a) Simple schematic of grating 
fabrication setup. (b) Photographic picture of actual laboratory grating fabrication setup 
405nm 
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The periodicity of the grating produced can be varied by changing the angle of exposure. 
Because both mirror and sample holder are mounted on a rotatable platform, the grating period 
can be changed by rotating the platform relative to the incident laser beam. The formula for the 
desired grating period is given by Equation 2.1 where Λ is the desired grating period, λ is the 
wavelength of the laser, and θ is the angle of the incident light beam as seen in Figure 1.  
 
Λ =    λ2 ⋅ sin θ!"#!$%"& 
Equation (2.1)
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2.2 Fabrication of Diffraction Grating 
 
An image of a fabricated sample with two developed diffraction grating is demonstrated 
in Figure 3(a). The fabrication steps for the diffraction gratings are shown in Figure 3(c-f). 
Fabrication of the diffraction gratings begins by preparing a rigid substrate (Figure 3(c)). In the 
course of this thesis, various substrates are tested according to the different applications that the 
gratings serve. During this section, the substrate used is a silicon wafer coated with silicon 
nitride (Si3N4) with a miller index of <100>. The wafer is cleaved along its crystalline 
orientation into samples that are suitable for the sample holder dimensions, approximately 25.4 x 
25.4 mm2. The substrate is then cleaned from any dust and particles using a three-step cleaning 
process using acetone, methanol, and isopropyl alcohol. This step is crucial as any debris on a 
sample might have a detrimental effect on the quality of the gratings produced. 
 
 
 
 
 
Figure 3 - (a) Diffraction grating on silicon substrate. (b) Microscopic top view of S1805 
diffraction grating. Workflow fabrication procedure: (c) prepared silicon substrate, (d) 
HMDS adhesion enhancing layer, (e) S1805 spin-coated and UV exposed, (f) periodic 
grating patterns after photoresist development 
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The substrate is first coated with hexamethyldisilazane (HMDS) and then photoresist. 
The HMDS is used to increase the photoresist adhesion to the surface of the silicon wafer. The 
photoresist layer is where the actual gratings are created. The photoresist used in this thesis is 
positive tone Microposit Shipley S1805 photoresist. First, the HDMS is spin-coated at 5000rpm 
and baked until it is cured at 95°C for 60 seconds (Figure3 (d)). S1805 is subsequently spin-
coated on top of the HDMS layer at 5000rpm and baked until fully cured at 95°C for 60 seconds.  
The spin-coating speed of 5000rpm results in a photoresist thickness of approximately 500nm. 
Depending on the grating application, the parameters such as the baking temperature of the 
photoresist will vary. For specific steps and details, refer to the appendix section. 
Necessary precautions are taken to prevent any damage to the samples by ambient light 
due to the light-sensitive nature of the photoresist. Photoresist coated samples are placed in the 
sample holder shown in Figure 1 and the angle of the rotating platform is adjusted accordingly. 
In the experimental grating fabrication setup, the angle indicator used to demonstrate the 
exposure angle does not indicate the laser beam incident angle as shown in Equation 2.1. 
However, the exposure angle can be used to calculate the incident angle of the beam. This is 
given by Equation 2.2. In the following step, the shutter opens and the samples are exposed for a 
predetermined amount of time (Figure 3 (e)). Once the samples are exposed, the shutter closes to 
prevent overexposure of the photoresist. Note that during this exposure step, the samples are very 
sensitive to minor movement or vibrations. 
θ!"#!$%"& = θ!"!"#$%& − 90°  
Equation (2.2) 
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 Two-dimensional grating patterns are fabricated by undergoing a double exposure 
procedure. The sample is first exposed in one orientation for a predetermined amount of time. 
Then it is rotated 90° while the shutter is closed. The shutter opens and the sample is exposed 
again in the new orientation for a set amount of time.  
In both cases, the exposed samples are developed in a solution of Microposit MIF-319 
developer, a photoresist developer for the S1805 resist. They are dipped and lightly agitated in 
the solution for 6-10 seconds or for a preset amount of time until the exposed samples are 
developed appropriately (Figure 3 (e)). The samples are then rinsed with deionized (DI) water to 
stop the developing process.  This developing procedure involves developing the samples with 
diluted or undiluted developer, depending on the developing behavior of the exposed samples. 
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2.3 Methods of Measurement 
 
Samples that are successfully exposed diffract ambient light – a phenomena visible to the 
naked eye. The developed samples are then examined using different measuring methods. 
A high-resolution microscope is used to verify the developed samples. With the optical 
microscope, the uniformity of the photoresist is first verified in low optical magnifications. In 
higher optical magnifications, the individual valleys and peaks can be seen as shown in Figure 
3(b). Thereby, the uniformity as well as the continuity of the interference pattern is verified for 
proper grating quality utilizing this measurement method. 
 
 
 
 
 
 
(a) 
 
 
 
 
 
Figure 4 - Littrow configuration grating characterization setup. (a) Simple schematic of 
Littrow configuration. (b) Photographic picture of Littrow configuration. 
Rotational 
Station 
HeNe 
Laser 
Sample 
(b) 
Rotational Station 
HeNe Laser θdiff 
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A scanning electron microscope (SEM) is utilized in samples in which the grating periods 
are relatively small and an optical microscope is not able to discriminate successfully the valleys 
and peaks in the nanostructures. The SEM rendered much higher magnifications allowing the 
period of the gratings to be measured and other important structural characteristics analyzed. The 
duty cycle of the nanostructures and small details present in the gratings that could not be seen 
using the previous measuring methods were collected and recorded. 
The last method used to examine the grating was using Littrow configuration. It provided 
a more rapid method to measure the gratings period [47]. In this method, a laser is illuminated 
perpendicularly with an incident angle of 90 degrees on the grating sample surface. The sample 
is in turn mounted on a rotational platform. By rotating the sample, the first-order diffraction 
angle (θdiff) is measured. This occurs when the reflected beam from the first order diffraction is 
aligned with the incident beam as shown in Figure 4. The grating period can be estimated from 
the following formula given by Equation 2.3 where Λ is the estimated grating period, λ is the 
wavelength of the laser, and θdiff is the angle of the first-order diffraction [48]. For the grating 
characterization setup, a 632.8nm HeNe laser is used.  
 
Λ = 𝜆2 ⋅ sin θ!"## 
Equation 2.3 
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2.4 Results & Discussion 
 
A sample of the fabricated diffraction gratings on a silicon substrate is shown in Figure 
3(a). The exposed area forms a half circle with a diameter of approximately 1cm. Samples that 
were exposed and developed correctly have a darker tint compared to the surrounding unexposed 
areas. These areas will also diffract ambient light into their distinct spectral components. In cases 
were the photoresist is overdeveloped, the exposed areas are lighter in appearance and the 
gratings are washed out. Conversely, in underdeveloped cases, there is a color change and the 
outline of the exposed area can be seen; however, no light diffraction is exhibited.   
 
 
 
 
 
 
 
 
 
Figure 5 - Diffraction grating patterns using S1805 photoresist. (a) Top view of diffraction 
grating with 1060nm, 650nm, and 430nm periods (from top to bottom). (b) Cross sectional 
view of diffraction grating with 700nm, 642nm, 433nm, 313nm (from top to bottom) 
(a) (b) 
15 
 
Using the fabrication method described, uniform and continuous diffraction gratings were 
successfully obtained. The gratings formed continuous and defined valleys and peaks over a 
wide sample area. The results were collected using an optical microscope, as well as a scanning 
electron microscope as seen in Figure 5(a) and Figure 5(b), respectively.  
The figures show the developed structures using S1805 photoresist supported by a SiN3-
coated silicon wafer substrate. Figure 5(a) demonstrates a top view of the grating samples 
obtained through an optical microscope. The grating periods were changed by varying the 
exposure angle in the interferometer configuration during the exposure phase.  Note that the 
three images in Figure 5(a) have the same optical magnification and thus, are to scale with each 
other. Samples with a small grating period (<400nm) could not be characterized optically and a 
scanning electron microscope was used. Figure 5(b) demonstrates the cross-sectional view of the 
diffraction gratings through a SEM. 
For gratings larger than 600nm, the resist is exposed and developed fully. In these 
samples, it can be seen that the duty cycle is not 50 percent, especially in the 700nm grating 
period sample. Experimentally, it was found that the duty cycle varied by several factors: baking 
time, exposure time, exposure angle, and developing time. In addition, the diffraction gratings 
experienced a secondary interference effect as the grating period decreased. This interference can 
be attributed to the reflection of the UV exposure light by the wafer surface. To minimize this 
effect, an anti-reflecting coating can be applied prior to spin-coating the HDMS and resist. For 
smaller gratings, exposed areas partially developed. At even smaller grating periods (<400nm), 
only the grating peaks are prominent. Although the periodic nanostructures do not reach the 
wafer surface, their application in this thesis does not have such requirement.  
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2.4.1 Relationship between incident angle and grating period 
 
The relationship between the incident angle and grating period is shown in Figure 6. 
Clearly, it can be seen that the incident angle and the grating period are inversely proportional – 
as the incident angle is increased using the rotational platform, the grating period decreases. This 
change in grating period, however, is not linear: at smaller incident angles, changing the angle by 
a small fraction results in a large grating period change; at larger incident angles, changing the 
angle by a large factor results in a small grating period change. As stated previously in Equation 
2.2, the incident angle was obtained from the exposure angle used in the experimental set up. 
Figure 7 demonstrates the relationship in between the experimental exposure angle and the 
grating period. In contrast with the incident angle, as the exposure angle increases, the grating 
period increases. However, the non-linear relationship that was described previously for the 
incident angle holds for the exposure angle. 
The experimental data was collected using the Littrow configuration and the theoretical 
data was modeled using Equation 2.1. It should be noted that the theoretical and experimental 
data are very similar. This information is summarized in Table 1 demonstrating the percent error 
between both data sets, the largest error being 1.53 percent. 
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Figure 6 - Grating Period vs. Incident Angle 
 
Figure 7 - Grating Period vs. Exposure Angle 
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Incident 
Angle 
(degrees) 
Measured Grating 
Period (nm) 
Theoretical 
Grating Period 
(nm) 
Percent Error 
(percent) 
10 1184 1166 1.53 
15 786 782 0.41 
20 589 592 0.54 
25 485 479 1.16 
30 404 405 0.18 
35 352 353 0.289 
 
Table 1 - Percent error between measured and theoretical grating periods 
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2.4.2 Relationship between incident angle and exposure time 
 
 Experimentally, it was found that in order to obtain fully developed gratings, samples 
required a longer exposure time as the incident angle increased, i.e., these two parameters are 
proportional to each other. The data was obtained by fixing all other variables involved in the 
fabrication of the gratings except for the incident angle. In all samples, the spin-coating speed 
was kept at 5000rpm; the baking temperature and time was maintained at 95°C for 60 seconds; 
and the developing time was fixed to approximately 6 seconds. This experimental data is 
summarized in Table 2. 
 
 
Incident Angle 
(Degrees) 
Exposure Time 
(seconds) 
10 11 
15 15 
20 18 
30 20 
40 21 
 
Table 2 - Measured exposure time as function of incident angle. 
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Figure 8 - Change in exposure time as a function of the incident angle. 
 
 
The data from Table 2 is plotted in Figure 8. It clearly demonstrates that the relationship 
between the incident angle and exposure time, although proportional, is not linear. At lower 
incident angles, the exposure time varies by a few seconds, e.g., between 10° and 20° the 
exposure time increased by 7 seconds. While at higher incident angles, the exposure time does 
not change considerably, e.g., between 30° and 40° the exposure time increases by only 1 
second. 
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2.4.3 Double Exposure 
 
 Figure 9(a) demonstrates a sample that was exposed at an initial orientation, rotated 90 
degrees, and exposed again for a second exposure. The double exposure creates on the sample 
surface two exposed half circles perpendicular to each other and an area where both patterns 
overlap. As a result, the linear gratings demonstrated in Figure 5(a) superimpose with each other 
creating a two dimensional structure shown in Figure 9(b).The resulting pattern is a series of dot-
like structures that have a period of 1µm. Analogous to the one dimensional counterpart, the 
exposure angle can be varied in order to create patterns with different grating periods.  
 
 
 
 
Figure 9 - Double exposure grating pattern. (a) Image of double exposure grating pattern 
sample on silicon substrate. (b) Microscopic top-view of double exposure grating pattern 
using S1805
(a) (b) 
First 
exposure 
Second 
exposure 
Double 
exposure 
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2.5 Conclusion 
 
 
In this section, Lloyd’s mirror interferometer is used to precisely and locally fabricate 
periodic nanostructures using low-cost positive tone S1805 photoresist. This technique resulted 
in diffraction gratings that are both uniform and continuous throughout the exposed areas. Single 
and double exposure samples were produced with patterns that were one-dimensional and two-
dimensional, respectively. These patterns can be successfully produced within a period range of 
300nm to 1200nm.  
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Chapter 3 
Elastomeric Polymer Resonant 
Waveguide Grating based Pressure 
Sensor 
 
 
 
In this chapter, diffraction grating structures are incorporated into a series of polymer 
layers to create a resonant waveguide grating structure used as a pressure sensor. The resonant 
structure renders an optical resonance spectrum that incurs a shift upon changes to the 
surrounding pressure. The fabricated sensor is able to achieve sensitivity up to 86.74pm psi-1 or 
12.58pm kPa-1. It is demonstrated that the sensor sensitivity is directly linked to the elastic 
properties of the polymers used, and the waveguide and cladding thickness. Ultimately, the 
sensitivity can be tuned to different pressure ranges and the optical resonance peak can be 
fabricated to a desired spectrum range.  
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3.1 Design and Simulation 
 
A schematic of the pressure sensor is shown in Figure 10. The sensor is a planar 
multilayered structure fabricated using low-cost polymer materials. This sensor is based on a 
resonance waveguide grating structure and as its name suggests, it consists of: a cladding layer 
(Sylgard 184polydimethylsiloxane (PDMS), Dow Corning Inc.), a waveguide layer (NOA 164, 
Norland Products Inc), and a grating layer (Microposit S1805, Shipley Corp). For both, cladding 
and waveguide layers, relative elastic materials are used. This allows the layers to deform when 
an external pressure is applied on to them. It also allows the layers to return to their original 
shape and size when pressure is removed. For this case, the polymers uses – NOA 164 and 
PDMS – have a hardness of 10 and 45 in the shore hardness A scale, respectively. This classifies 
NOA 164 as a soft material, and PDMS as a medium soft material. To support these polymer 
layers, a rigid glass substrate is used for the sensor.  
 
 
 
 
 
 
 
 
 
Figure 10 - Schematic of pressure sensor 
pressure waves 
grating 
waveguide 
cladding 
substrate 
θ 
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 In the developed pressure sensor, an optical signal illuminates the sensor from the glass 
substrate and the reflected spectral response is measured. The majority of the light source 
transmits through the sensor. Due to the resonating waveguide grating structure of the sensor, 
specific wavelengths resonate within the structure and are strongly reflected back.. Any changes 
to the sensor parameters such as the grating period, waveguide thickness, etc., incurs in a change 
of the reflective spectrum. This shift in the spectral response serves as the pressure sensing 
mechanism used for the developed sensor. Furthermore, the reflective spectrum also varies as a 
function of the angular orientation as well. 
 Simulations are performed to analyze the structural behavior of the sensor. GratingMOD, 
Rsoft [49] is used to conduct the theoretical analysis based on rigorous coupled-mode theory. 
The simulations include physical parameters due their effect on the incident light reflection, e.g., 
different structural dimensions. The parameters used for the simulations are: dglass = 1mm, 
dcladding = 100µm, dwaveguide = 1.5µm, dgrating = 0.5µm, nglass =1.45 + i0.0001, ncladding = 1.40 + 
i0.0001, nwaveguide = 1.64 + i0.0001, ngrating = 1.61+ i0.001, and grating period of Λ = 1µm with 
duty cycle of 50 percent. The layer thickness values listed above accurately represent the values 
that are obtained from the actual fabrication process. Furthermore, the refractive index values 
were chosen according to the specifications published from vendors [48, 50-52]. These 
imaginary refractive index values indicate and account for the optical loss in each layer.  
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Figure 11- Simulated reflecting spectrum efficiency at normal incident launch angle. 
 
 
Based on the conducted simulations, the general sensor behavior and characteristics are 
obtained. The pressure sensor simulated reflective spectrum is shown in Figure 11 with normal 
incident or launch angle of θ = 0.The simulated result demonstrates two distinct resonating 
peaks, i.e., the structure supports two resonating modes. Additionally, it is shown that the peak 
location and the reflective efficiency are affected by the device parameters. Figure 12(a) 
demonstrates that the peak reflective wavelength varies with different grating periods. An 
increase of the sensor grating period, leads to a spectral shift to a longer wavelength. Similarly, 
an increase of the waveguide layer thickness results in an increase of the peak reflective 
wavelength as shown in Figure 12(b). 
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(a) 
 
(b) 
Figure 12 - (a) Reflection efficiency as function of grating period and (b) waveguide 
thickness 
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Moreover, varying the thickness of the waveguide layer resulted in a simulated structure 
that exhibited and supported various reflective spectrum modes. As demonstrated in Figure 11, 
our structure supports two modes. For the pressure sensing purposes, the first mode – at 
approximately 1600nm in the simulations – is used due to its narrow spectral full width half 
maximum (FWHM). The simulations demonstrate that at higher order modes, the FWHM 
increases.  
 
 
 
 
Figure 13 - Simulated reflecting spectrum efficiency as a function of incident launch angle. 
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From the simulations, it is seen that reducing the optical loss from the waveguide layer is 
critical in obtaining a strong reflective spectrum. An imaginary refractive index of 10-5 
corresponded to a peak reflection efficiency of 84.7% in the first-order mode. This efficiency 
percentage significantly decreased with higher imaginary refractive indexes, e.g., at 10-4 and 10-
3, the reflection efficiency decreased to 74.3% and 36.4%, respectively. From these simulated 
results, NOA 164 is shown to be a suitable polymer for the waveguide layer of the resonant 
waveguide grating structure. 
Another factor that affects the reflective spectrum is the incident light launch angle. 
Figure 13 shows the simulated reflection peak as a function of the incident wavelength and 
launch angle. As observed, the spectral resonance peaks split and diverge in both longer and 
shorter wavelengths as the launch angle is increased. 
In the following sections, the obtained simulated results will be discussed and compared 
with the experimental measurement results data.  
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3.2 Fabrication 
 
 The fabrication procedure and an image of a fabricated pressure sensor are shown in 
Figure 14(a-e). A 1mm thick, 25.4 x 25.4 mm2 clear plain glass is used as the substrate. The 
glass used is a relative thick glass in order to prevent the substrate and as a result, the entire 
device from deforming when an external pressure force is exerted on the sensor’s surface. A 
three-step cleaning procedure using acetone, methanol, and isopropyl alcohol is used to clean the 
glass substrate. The substrate is then fully dehydrated at 180°C for 15 minutes. 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 - Pressure sensor. (a-d) Fabrication procedure of a pressure sensor. (e) Digital 
image of pressure sensor. 
 
 
(a) 
(b) 
(c) 
Glass PDMS 
S1805 NOA 164 
(d) 
(e) 
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 A mixture of Dow Corning Sylgard 184 PDMS elastomer and curing agent is prepared 
with a weight ratio of 10:1, respectively. The mixture is placed inside a vacuum chamber for 20 
minutes until all bubbles are removed from the mixture.  The degassed mixture is then poured on 
the glass surface, spread at 250rpm for 5 seconds, and spin-coated at 500 rpm for 30 seconds 
(Figure 14(a)). The sample is then baked at125°C for 60 minutes until the PDMS layer is fully 
cured and allowed to cool to room temperature. The PDMS surface is then treated using oxygen 
plasma with 20sccm of oxygen, at 100 watts for 30 seconds. The treatment enhances the bonding 
between the highly hydrophobic PDMS surface and the subsequent waveguide layer. 
 Next, the waveguide layer is prepared by spin-coating NOA 164 at 5000rpm for 30 
seconds on the PDMS cladding layer. The resulting waveguide layer has a thickness of 
approximately 1.5µm (Figure 14(b)). The waveguide layer is promptly exposed to 365nm UV 
light for 3 minutes until fully cured. NOA 164 when used a coating exhibits oxygen inhibition. 
For this reason, the sample is cured in an inert nitrogen atmosphere to reduce this phenomenon 
during the curing process. The NOA 164 waveguide layer is then treated with oxygen plasma to 
improve the adhesion between the NOA 164 surface and the grating layer.  
 Next, Microposit S1805 positive photoresist is spin-coated at 5000rpm on the NOA 164 
waveguide surface. The sample is then fully cured by baking it at 95°C for 90 seconds (Figure 
14(c)).This results in a grating layer thickness of approximately 0.5µm. To create the grating 
patterns, a custom-made setup is used [48]. The setup is based on Lloyd’s Mirror Interferometer 
and it consists of an interferometer, a 405nm ultraviolet (UV) diode-pumped 30mW laser, a 
spatial filter, a shutter, and an aperture. As stated in the previous section, using this method, 
the grating period can be changed by adjusting the rotational platform relative to the incident 
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laser beam. This enables the fabrication of gratings specific to a spectrum range. First, the 
sample is placed on the sample holder (Figure 1) and the rotating platform is adjusted to the 
desired angle. For this section, the exposure angle used is 79.0°. The shutter is opened and the 
sample is exposed for a predetermined amount of time, in this case, 19 seconds (Figure 14(d)). 
The exposed sample is developed using Microposit MIF-319. The sample is dipped in the 
developer and lightly agitated. Immediately, the sample is gently rinsed with deionized water. In 
order to develop the sample appropriately, a developing time of 6-10 seconds is necessary 
(Figure 14(e)). A sample that is exposed and developed appropriately is able to diffract ambient 
light effectively. The overall device is shown in (Figure 14(f)). The fabricated grating period is 
approximately 1µm from the resulting exposure angle. A period of 1µm is needed in order to 
render a reflective spectrum that is within the range of the test setup.  
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3.3 Results and discussion 
 
A schematic of the measuring setup for the pressure sensor is shown in Figure 15. A 
broad-band laser illuminates the grating from the bottom after first passing through a near-
infrared Glan-Thompson polarizer. The polarizer is adjusted so that the light polarization 
illuminating the sensor aligns in parallel with the grating orientation. The TE polarized light 
maximizes the reflective spectrum signal. The laser beam is directed by a series of near infrared 
mirrors from the source to the sensor, and the reflected spectrum from the sensor to a collimator. 
The signal is collected and measured in an optical spectrum analyzer.  
The optical sensor characteristic is first measured at atmospheric pressure. Figure 16 
demonstrates the reflective spectrum as a function of the incident light wavelength. From the 
measured results using the same fabrication dimensions for the simulations (grating period, layer 
thickness, etc.), it can be seen that the experimental data agree with the trends shown in the 
simulated data. The measured reflective spectrum demonstrates two resonance modes as seen 
previously in Figure 11. In addition, the experimental data shows a narrower FWHM for the first 
resonance mode. The first mode is located at 1611.5nm with a FWHM of 1.519nm and the 
second mode is located at 1502.32nm with a broader FWHM of 3.375nm.  
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Figure 15 - Experimental Setup for pressure sensor (a) Simple schematic of pressure sensor 
characterization setup. (b) Air chamber schematic with pressure sensor. (c) Digital Image 
of pressure sensor characterization setup 
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Figure 16 - Spectral characteristics of a fabricated sensor measured in atmospheric 
pressure 
 In order to measure the pressure sensor response, the sensor is placed in an airtight 
chamber as shown in Figure 15(b). The chamber consists of two acrylic plates that are secured 
together with screws. Both plates are perforated in the middle. The perforation in the top plate is 
connected and sealed to Tygon tubing that allows pressurized nitrogen to fill the chamber. The 
perforation located at the bottom plate enables light to illuminate and be collected to and from 
the sample. The sensor is placed and secured in between these acrylic plates with a 9mm inner 
diameter Viton O-ring that ensures an airtight chamber. The actual laboratory measuring setup 
for the characterization and testing of the pressure sensor is shown in Figure 15(c). 
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Figure 17 demonstrates the measured shift of the first peak resonance mode as a function 
of the applied pressure. The applied pressure ranged from 0psi to 50psi (0kPa to 310kPa). The 
values given for the applied pressure are a representation of the pressure difference between the 
pressurized nitrogen and the atmospheric pressure, i.e., 0kPa represents atmospheric pressure. As 
shown, the sensor is able to distinguish between varying pressure levels. The peak reflective 
spectrum shifts to a higher wavelength as the applied pressure is increased. Additionally, 
resonance peak splitting did not occur during the measurements. This suggests that the launching 
angle of the incident light does not vary as a function of the applied pressure, and therefore it 
remains unaffected. Increasing and decreasing the applied pressure successively, did not change 
the behavior of the sensor, thus, indicating that the sensor has good repeatability.       
Furthermore, the pressure sensor sensitivity was investigated by varying the PDMS 
cladding layer thickness. Figure 18 demonstrates a summary of the collected measurements. It 
can be concluded from the data that with a thicker PDMS cladding layer, the pressure sensor 
sensitivity increases. Therefore, in practical applications, the PDMS cladding layer can be 
fabricated at a certain thickness so that the sensitivity of the sensor is tuned to a specific pressure 
range. The experimental results demonstrate sensitivity of up to 86.74pm psi-1 or 12.58pm kPa-1 
for a sensor with a PDMS cladding layer of 550µm.  
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Figure 17 - Measured first mode reflective peak spectrum as a function of applied pressure 
 
Figure 18 - Measured first mode reflective peak spectrum as a function of applied pressure 
at various PDMS cladding layer thickness. 
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 Figure 18 concludes that the PDMS thickness affects the sensitivity of the sensor. 
However, this change in the cladding layer thickness does not directly induce a peak resonance 
shift. This behavior can be best seen when there is no applied pressure for sensors with different 
PDMS cladding thickness. The resonance peak remains unchanged in these instances. This result 
is expected and attributed to the sensor mechanism. As mentioned previously, the reflective 
spectrum location, number of modes and reflection efficiency are mainly affected by the grating 
and waveguide layer. Minute changes in these two structures result in significant changes in the 
reflective resonance peaks. However, these two layers are supported by the PDMS cladding 
layer. When air pressure is increased inside the airtight chamber, a force is exerted on top of the 
sensor’s surface. This force compresses and deforms the polymer layers, including the PDMS 
cladding layer. Therefore, an increase of the PDMS cladding layer thickness, leads to a greater 
cladding layer deformation when an external pressure is applied, and as a result, the layers it 
supports are further deformed. This behavior is clearly portrayed in the measured results for 
various PDMS thickness: a thicker PDMS cladding layer leads to a higher deformation and 
therefore an increase in the sensor sensitivity.    
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3.4 Conclusion 
 
 
A polymer resonant waveguide grating based pressure sensor is demonstrated in this 
chapter. The low modulus of elasticity of the PDMS cladding layer and NOA 164 waveguide 
layer enable the sensor to effectively measure changes in pressures within a range of 0kPa to 
310kPa with a pressure sensitivity of 12.58pm kPa-1. The simple fabrication process allows the 
sensor to be tuned to desired spectrum ranges by adjusting the diffraction gratings integrated in 
the sensor. Additionally, the sensitivity can be easily modified to suit different pressure ranges 
by varying the structural parameters. Lastly, selection of specific elastic polymer materials 
enables sensitivity improvement of the sensor.  
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Chapter 4 
An acousto-optic sensor based on 
resonance waveguide grating structure 
 
 
 
In this section, an acousto-optic sensor is fabricated utilizing the concepts established in 
previous sections. A resonant waveguide grating structure is developed by integrating the 
presented diffraction gratings. The fabricated sensor is based on elastic polymer materials that 
enable the detection of ultrasound pressure waves by modulation of the optical spectrum. The 
fabricated sensor is characterized and its sensitivity investigated using a commercial 20MHz 
ultrasound transducer. Potentially, the spectral range of the sensor can be varied to different 
ranges across the light spectrum. 
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4.1 Design and fabrication 
 
4.1.1. Principle of ultrasound detection 
 
A schematic of the acousto-optic sensor is shown in Figure 19(a). The planar 
multilayered structure is fabricated using low-cost polymer materials. The sensor consists of a 
cladding, waveguide, and grating layer. Elastic polymer materials are utilized for the cladding 
and waveguide layers. The flexibility these polymers provide, allow the waveguide grating 
structure to deform and respond according to the external ultrasound pressure waves exerted on 
the surface of the sensor. Sylgard 184 polydimethylsiloxane (PDMS) is used for the cladding 
layer. Alternatively, Solaris rubber compound is also used as the cladding layer instead of PDMS 
in various instances.  NOA 164 and Microposit S1805 are used for the waveguide, and grating 
layer, respectively. For the waveguide, NOA 164 is used since it is a relative flexible polymer 
with a low Shore A hardness of 10. As the cladding layer, PDMS and Solaris rubber compound 
are used due to their low Shore A hardness of 45 and 15, respectively. The multilayered polymer 
sensor is supported by a clear rigid glass. The glass provides a rigid substrate for the sensor and 
prevents any unwanted deformation of the substrate caused by the ultrasound pressure waves.  
The general sensor response is shown in Figure 19(b). Spectral resonance peaks such as 
the ones shown have been concluded to be very sensitive to the dimensions of its structures, e.g., 
the waveguide layer thickness [53]. Slight changes to these structural parameters lead to a 
wavelength shift of the resonance peaks. The mechanism for the ultrasound sensor is based on 
this principle. Given a fixed laser wavelength in the resonance spectrum, a peak shift will 
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consequently induce a change in its optical intensity that corresponds directly to the applied 
ultrasound pressure waves. This transduction mechanism is shown in Figure 19(c) and 
demonstrates an effective mechanism of light modulation by ultrasound pressure waves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19 - (a) Schematic of acousto-optic sensor, (b) Typical resonance spectrum of a 
fabricated sensor, (c) Ultrasound detection mechanism using the optical peak shift of an 
acousto-optic sensor 
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4.1.2 Fabrication 
 
The acousto-optic sensor fabrication follows a similar fabrication procedure utilized for 
the pressure sensor discussed previously. In this section, the fabrication steps using Solaris 
rubber compound as the cladding layer is described instead. Fabrication using PDMS polymer as 
the cladding layer is described in the previous chapter. The main differences between these two 
procedures are changes to the grating period and the cladding layer processing. The fabricated 
acousto-optic sensor is shown in Figure 20(a) and its fabrication work flow is outlined in Figure 
20(b-e). 
 
 
 
 
 
 
 
 
 
 
Figure 20 - (a) Digital image of a fabricated acousto-optic sensor.  Fabrication process flow 
for acousto-optic sensor: (b) Solaris rubber compound on glass substrate (c) NOA-164 
spin-coated and fully cured (d) S1805 coated on top of waveguide layer and exposed with 
UV light (e) Overall cross-sectional sensor structure after developing process 
(b) 
(c) 
(d) 
Glass Solaris 
S1805 NOA 164 
(e) 
(a) 
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A glass substrate is prepared from 25.4 x 76.2 mm2plain clear glass. The glass is cut into 
a smaller sample (25.4 x 25.4 mm2) for simpler processing during the fabrication steps. Acetone, 
methanol, and isopropyl alcohol are used in a three-step procedure to clean the substrate. The 
glass substrate is then dehydrated at 180°C for 15 minutes and allowed to cool to room 
temperature. Note that a relatively thick glass, 1mm in thickness, is used in order to prevent the 
substrate from deforming due to the ultrasound pressure waves. Any deformation that the 
substrate might experience will be transferred to the subsequent polymer layers it supports. 
Potentially, this deformation might interference with the actual sensor response due to the 
intrinsic properties of the resonance waveguide grating structure.  
The cladding layer is prepared using Solaris rubber compound polymer. Equal parts of 
the material by weight – Part A and Part B – are mixed thoroughly. The mixture is then degassed 
inside a vacuum chamber for 20 minutes. This allows all the bubbles inside the mixture to be 
removed. Once degassed, the rubber compound is poured on the glass substrate. The sample is 
spread at 250rpm for 5 seconds and spin-coated at 500rpm for 30 seconds (Figure 20(b)). The 
sample is allowed to cure at room temperature for 24 hours or, alternatively, is baked at 125°C 
for 60 minutes. If baked, the sample is cooled down to room temperature before proceeding to 
the next steps.  
The sample is treated with oxygen plasma at 100 watts with 20sccm of oxygen for 30 
seconds. The cladding layer and the subsequent NOA 164 waveguide layer are extremely 
hydrophobic. The oxygen plasma treatment increases the adhesion between these two layers. 
NOA 164 is then spread at 500 rpm for 5 seconds and spin-coated at 5000 rpm for 30 seconds. 
The resulting waveguide layer thickness is approximately 1.5µm (Figure 20(c)). Promptly, the 
waveguide layer is cured under UV light. This step is time-critical as NOA 164 tends to bead up 
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on top of the cladding layer due to its hydrophobic nature if not cured immediately after being 
spin-coated. The sample is exposed using a 365nm UV light for 3 minutes. In addition, during 
the waveguide layer curing process, the sample is cured in an inert nitrogen atmosphere. NOA 
164 exhibits oxygen inhibition during the curing process when used as a coating. As a result, the 
sample is placed in a nitrogen-fed container during the entire exposure process. The cured 
sample is then treated again using oxygen plasma for approximately 5 seconds to enhance the 
adhesion between the waveguide and grating interface. 
To create the diffraction gratings, positive tone photoresist Microposit S1805 is used. The 
polymer is spread at 500 rpm for 5 seconds and spin-coated at 5000 rpm for 30 seconds. This 
layer has a thickness of approximately 0.5µm. The periodic nanostructures are then created using 
Lloyd’s Interferometer. The developed method in this thesis is used to create gratings with a 
period of around 1µm. This renders a reflective spectrum peak within the range suitable for our 
test setup. This range lies within the range of 1520nm - 1570nm. The used custom setup consists 
of the interferometer, a 30mW UV laser with a wavelength of 405nm, a spatial filter, a shutter, 
and an aperture. The laser incident angle is then adjusted to the desired range, for our case 78.0 
degrees and the sample is exposed for 19 seconds (Figure 20(d)). The exposed sample is 
developed using Microposit MIF-319. The sample is submerged and lightly agitated in the 
developer solution for 6-10 seconds and immediately rinsed using deionized water. A properly 
developed sample will exhibit periodic nanostructures and will alsoeffectively diffract light 
(Figure 20(e)). 
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4.2 Device characterizations 
 
 The static characteristics of the sensor are first evaluated in order to test the sensor 
performance. The procedure is conducted at constant pressure levels utilizing the same setup 
described in the previous chapter shown in Figure 15. The setup consists of an airtight chamber. 
Pressurized nitrogen is injected through a pressure regulator into this chamber creating a constant 
pressure differential. A broad-band laser is used to illuminate the sample and the reflective 
spectrum signal is measured using an optical spectrum analyzer. Figure 21(a) demonstrates the 
ultrasound sensor characteristic as a function of the pressure difference between the applied 
pressure and the atmospheric pressure. The sensor used consists of a cladding layer fabricated 
from PDMS. The pressure differential inside the chamber was incrementally varied from 0 psi to 
45 psi or 0kPa to 310kPa. Similarly to the pressure sensor, the sensor supports two resonance 
modes. For the purposes of the sensor, the first-order mode is used due to its narrower full width 
half maximum. The first-order mode peak is found at 1542.6nm. With an applied pressure of 
310kPa, the peak shifts to a higher wavelength of 1543.6nm – a peak reflective shift of 1.0nm. In 
addition, testing the sensor by decreasing and increasing the pressure successively did not change 
the static characteristics of the sensor, thus, indicating that the fabricated polymer-based sensor 
has good repeatability.  
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(a) 
 
(b) 
Figure 21- Static sensor characteristic as a function of applied pressure (a) PDMS polymer 
as cladding layer (b) Solaris rubber compound polymer as cladding layer 
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 Alternatively, a different polymer material, Solaris rubber compound, is used for the 
cladding layer and its static characteristics measured. The pressure differential inside the air 
chamber is varied from 0 to 15 psi or 0 to 103kPa. The sensor characteristics are shown in Figure 
21(b). The sensor exhibits two resonant modes in similar fashion to its PDMS counterpart. The 
first-order peak is found at 1545.8nm in atmospheric pressure. With an applied pressure 
difference of 103kPa or 15 psi, the peak incurs a shift of 2.5nm – effectively shifting the peak to 
1548.3nm. The results clearly demonstrate that the static characteristic of the sensor using 
Solaris polymer as the cladding layer increases the sensitivity of the sensor. With PDMS as the 
cladding layer, the sensor has a sensitivity of 3.2pm kPa-1 or 22.2pm psi-1. Using Solaris polymer 
as the cladding layer rendered a higher sensitivity of 24.3pm kPa-1 or 166.7pm psi-1. The results 
are summarized in Figure 22. 
 
Figure 22 - Resonant peak wavelength shift of the first-order mode for different PDMS and 
Solaris polymer as the cladding layer 
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The dynamic characteristics of the sensor are then investigated, i.e., the characteristics 
that the sensor exhibits under ultrasonic pulse waves. The transducer used is an Olympus M316-
SU 20MHz immersion transducer with a 3mm diameter element. The transducer is immersed in 
a custom-built Teflon reservoir that is attached at the bottom to a perforated metal plate. The 
perforation allows light to illuminate the sample from the bottom and at the same time, it allows 
the reflective spectrum to be collected from the bottom as well. The sensor is secured between 
the reservoir and the metal plate. A Viton O-ring on top of the sensor creates a leak-proof 
chamber that is filled with deionized water (nwater = 1.33). The water comes in direct contact with 
the diffraction grating. This creates a medium for the ultrasound waves to travel from the 
transducer to the surface of the sensor. An illustration of the transducer, ultrasound sensor, and 
chamber is shown in Figure 23(a). Next, the gratings are illuminated from the bottom using 
Ando AQ8201-13 tunable laser source. The light source is first filtered using a near-infrared 
GLAN-Thompson polarizer. The polarizer is adjusted accordingly so that the light polarization 
aligns with the sensor grating orientation, i.e., it achieves a TE polarized light. The light source is 
guided through a series of mirrors from the light source to the sensor, and the reflective spectrum 
from the sensor to a collimator. Wavecrest OE-2 optical-to-electrical converter is used to detect 
the optical signal and the ultrasound transducer is operated using JSR Ultrasonics DPR500. Both, 
transducer control and detection of the echo signals are measured using this dual pulser/receiver. 
The collected echo and ultrasound sensor signal are measured using Tektronix TDS784C 
oscilloscope. The schematic of the overall ultrasound setup is shown in Figure 23(b) and a digital 
image of the actual laboratory set up is demonstrated in Figure 23(c). 
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Figure 23 - Ultrasound pressure measuring and testing setup. (a) Simplified schematic (b) 
close-up of watertight Teflon chamber (c) digital image of actual laboratory setup 
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4.3 Results and discussion 
 
 Prior to the ultrasound measurements, the optical sensor characteristics are first 
measured. The measurement is conducted with the diffraction gratings in direct contact with DI 
water. The tunable laser wavelength is then varied through its spectral range of 1460nm to 
1580nm at a normal incident angle. Figure 24 shows the resulting optical power intensity as a 
function of the laser wavelength for the sensor first-order reflecting mode with PDMS as the 
cladding layer. The sensor response peaks at a wavelength of 1538.0nm and has a FWHM of 
0.9nm.  
 
Figure 24 - Spectral reflective first-order mode peak of acousto-optic sensor 
52 
 
 Next, the 20 MHz ultrasound transducer is submerged in the Teflon chamber filled with 
DI water. The pulse voltage amplitude is set at 330V with a repetition rate of 200 Hz using the 
DPR500 pulser. Once the transducer is triggered, the ultrasonic pulses travel in one direction. 
Upon encountering an object in its path, the pulses are reflected back to the transducer as an echo 
signal. Figure 25(a) demonstrates the echo signal obtained from the transducer in the test setup as 
a function of time. The echo signal consists of several peaks that reveal the different changes in 
acoustic impedances in between the sensor and its surrounding objects. The first peak is 
attributed to the acoustic reflection created by the DI water-polymer interface located at the 
sensor surface. The second peak is stronger and it is the result of the signal reflection from the 
larger acoustic impedance mismatch between the soft polymer and hard glass interface. Lastly, 
the subsequent peaks are caused by the lingering resonation between the polymer structures and 
glass substrate. Coinciding with the echo signal, the optical reflective signal is shown in Figure 
25(b). For the sensor response shown, the tunable laser wavelength was fixed to 1538.2nm. It is 
clearly seen that the acousto-optic sensor is modulated by the ultrasonic waves and exhibits a 
response that closely matches the measured echo signal. This indicates that the triggered 
ultrasonic pressure waves exert a force onto the sensor and as a result, successfully deform its 
layered structural parameters. Subsequently, this change in the structural parameters leads to 
minute, but significant shifts of the resonant reflective spectrum. The major difference in the 
acousto-optic sensor response and the measured echo signal is the behavior of its first peak. As 
stated previously, the first peak is attributed to the interface between the DI water and the surface 
of the sensor. The strong first peak signal exhibited in the sensor response indicates that the 
grating structure is predominately modulated in this interface transition between its polymer 
53 
 
surface and DI water. As expected, the consecutive peaks decay exponentially in strength as a 
function of time.  
 
Figure 25 - Measured response from 20MHz ultrasound transducer. (a) Echo signal 
collected from transducer. (b) Acousto-optic detected signal 
(a) 
(b) 
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Figure 26 - Acousto-optic sensor response behavior as a function of the incident laser 
wavelength at (a) 1538.8nm (b) 1538.2nm (c) 1538.0nm (d) 1537.4nm (c) 1536.6nm 
  The sensor response is then measured at different laser wavelengths in order to 
demonstrate its characteristics as a function of the incident laser wavelength. The measurements 
are summarized in Figure 26. The results demonstrate that the sensor behavior depends on the 
chosen laser wavelength. Note that in the absence of any ultrasound pulse waves, the observed 
(a) 
(e) 
(d) 
(c) 
(b) 
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sensor response signal remains unchanged and stays constant regardless of the laser wavelength 
illuminating the sensor. Once the transducer is triggered, the acousto-optic sensor deforms 
appropriately and the reflected light intensity is modulated accordingly. Laser wavelengths were 
chosen depending on their location in the first-order mode reflecting peak as shown previously in 
Figure 24. The first position is selected at a location near the bottom of the reflective spectrum at 
a laser wavelength of 1538.8nm. The resulting signal response is very weak (Figure 26(a)). By 
the midpoint of the reflecting peak at a laser wavelength of 1538.2nm, the sensor response 
strengthens (Figure 26(b)). At 1538.0nm, the maximum point in the reflecting peak, the sensor 
exhibits a weaker signal (Figure 26(c)).  The sensor response then reverses in orientation and 
increases in strength at a laser wavelength of 1537.4nm (Figure 26(d)).  The response weakens 
again and stays in the reversed orientation as the location of the laser wavelength reaches the 
bottom of the reflecting spectrum at 1536.6nm (Figure 26(e)). 
From these results, it can be concluded that the acousto-optic sensor sensitivity can be 
maximized by the location of the laser wavelength selected. The sensor sensitivity is affected by 
the overall reflective spectrum power, but more importantly, by the gradient or slope of the 
selected wavelength. The strongest sensor response did not occur at the maximum point in the 
reflecting peak (1538.0nm). Instead, the strongest signal occurred at a laser wavelength of 
1538.2nm where the gradient of the graph is the highest. The sensor responses for these two 
distinct wavelengths are detailed in Figure 27. Furthermore, the response orientation varied 
according to the gradient, i.e. whether the gradient is negative or positive. As shown previously, 
the sensor response reverses after passing through the maximum reflecting peak wavelength. In 
Figure 28, a detailed comparison is shown between two positions, 1537.4nm and 1538.2nm, that 
are located at opposite sides of the reflective peak spectrum. 
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Figure 27 - Signal strength of a fabricated acousto-optic sensor at different incident laser 
wavelengths 
 
Figure 28 - Sensor response reversal at opposite ends of the spectral reflective peak 
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Figure 29 - Acousto-optic response delay at a reference point and 10mm away from sensor 
surface to ultrasound transducer 
In order to determine the resolution that the fabricated acousto-optic sensor has, the 
sensor response delay was investigated. The measurement was conducted by varying the distance 
between the transducer and the sensor. The transducer is first fixed at a relative close distance to 
the surface of the sensor. The response is collected and it establishes a reference point used as 
comparison for the subsequent sensor response. The measured distance is then increased and 
another measurement is taken. Figure 29 shows the sensor response delay as a function of the 
distance between the transducer and the sensor. In the figure, the initial position or the reference 
point is demarked as 0mm. It is clear that the time delay increases as the distance between the 
transducer and the sensor increases. In this case, the time delay in water is measured at 3.1µs for 
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a distance change of approximately 10mm. Given that the time between each individual pulse 
response is less than 0.1µs, the fabricated sensor is able to resolve structures as small as 300µm. 
This demonstrates that the sensor is able to resolve very thin structures – an important 
characteristic for its potential ultrasound imaging applications.  
 Next, the optical sensor characteristics are measured as a function of the laser incident 
angle. As stated previously and indicated in Figure 19(b), the sensor structure supports multiple 
modes. In Figure 30(a), the light transmission spectrum for the second-order mode is shown. At 
an incident angle of 0° or normal incident angle, the peak is located at 1450.00nm. The incident 
angle is then systematically increased. For higher angles, it is observed that the incident single 
peak splits in two – in both longer and shorter wavelengths. As the angle increases, the peak 
shifts further away from its original peak incident position. Moreover, the reflecting efficiency at 
the various incident angles decrease slightly. In both cases, the first-order and second-order 
mode exhibit the same trends. This overall behavior indicates that the fabricated sensor can be 
used in situations in which the reflection peaks do not fall within a given wavelength spectrum. 
While the sensor can be fabricated to a range of parameters, fabrication errors and environmental 
conditions can also induce unwanted resonance peak shifts. To address this issue, by adjusting 
the laser incident angle, the resonating peaks can be tuned to the appropriate wavelength ranges 
required. The given results demonstrate that the resonance peak can be adjusted at a rate of 
24.5nm/degree. The results are summarized in Figure 30(b). 
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(a) 
 
 
(b) 
 
Figure 30 - (a) Measured transmission spectrum at various incident angles (b) Reflective 
peak shift as a function of incident angle for first-order and second-order mode 
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 Lastly, the acousto-optic response for a sensor using Solaris rubber compound as the 
cladding layer is measured and demonstrated in Figure 31(a).  Corresponding to its PDMS 
counterpart shown in Figure 31(b), the fabricated sensor using Solaris is able to follow the echo 
signal generated by a 20MHz ultrasound transducer effectively. The first peak exhibits the 
strongest peak indicating that the sensor is mainly affected by the ultrasonic pressure waves 
transitioning between the DI water and sensor surface interface. The remaining peaks, as 
expected, are lower and decay exponentially. The most significant difference between the two 
fabricated sensors is that the Solaris cladding based sensor demonstrates a much cleaner and less 
noisy sensor response. The result can be attributed to the fact that the Solaris rubber compound 
and the PDMS polymer have two different Shore A hardness values. The softer Solaris material 
allows the sensor to deform more easily and as a consequence, its structural parameters are 
readily altered to follow the ultrasonic pulses. The dynamic characteristics demonstrated here 
concur with the increase of sensitivity in the static characteristics measured in the previous 
section and shown in Figure 22. 
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Figure 31- Measured response from a 20MHz ultrasound transducer. (a) Solaris cladding 
based sensor.   (b) PDMS cladding based sensor
(a) 
(b) 
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4.4 Conclusion 
 
In this chapter, an acousto-optic sensor is designed and fabricated based on a resonance 
waveguide grating structure. The developed sensor effectively measures ultrasonic pressure 
waves underwater and its static characteristics demonstrate its ability to perform as a pressure 
sensor. The sensor characteristics indicate a static sensitivity of up to 22.2pm psi-1 or 3.2pm kPa-1 
and show the sensor ability to measure ultrasound pressure waves at 20MHz. Based on the 
simple fabrication steps, the sensor can be tuned to a variety of spectral ranges by modifying the 
diffraction gratings period developed in this thesis. In addition, the incident angle can be adjusted 
at rate of 24.5nm/degree for practical purposes. Lastly, experimental results demonstrate that the 
static sensitivity and the ultrasound response can be further improved by using polymers with 
distinct elastic properties. 
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Chapter 5 
Conclusion 
 
 
In this thesis, resonance waveguide grating structures are successfully fabricated and 
implemented to optically measure external applied pressure and ultrasound pulse waves. The 
structures employ diffraction gratings fabricated through a lithographic process based on Lloyd’s 
Mirror Interferometer. The demonstrated technique offers a low-cost and simple method to 
effectively fabricate these periodic nanostructures within a period range of 300nm to 1200nm.  
The presented elastomeric polymer resonant waveguide grating based pressure sensor 
successfully measures applied pressure of 0kPa to 345kPa through its optical spectrum peak 
shift. A sensitivity of 86.74pm psi-1 or 12.58pm kPa-1 is experimentally obtained for a fabricated 
sensor. Conducted experimental measurements concurred with the overall sensor behavior 
rendered from simulations. These results indicate that the dominant effect on the sensor is the 
change of its grating period when external pressure is applied. Several structural parameters are 
shown to affect the sensor sensitivity and allow the sensor to operate at different pressure ranges. 
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These parameters include the elastic properties of the polymer-based materials as well as the 
layer thickness of the cladding and waveguide layers.  
Lastly, an acousto-optic sensor based on resonance waveguide structure is demonstrated 
to measure ultrasound signals at 20MHz. The dynamic characteristics of the sensor indicate that 
the structure deform effectively as a consequence of the ultrasound pulse waves. The static 
characteristics demonstrate the sensor potential to perform as a pressure sensor with a sensitivity 
of 22.2pm psi-1 or 3.2pm kPa-1. Further experimental results show that the static sensitivity and 
the dynamic response are improved by using softer polymer-based materials. In addition, the 
laser incident angle can be adjusted at a rate of 24.5nm/degree for practical purposes. 
Based on the two-dimensional planar structure presented on both – pressure and 
ultrasound – sensors, the demonstrated sensors can be used to measure applied surface pressure 
optically. Furthermore, depending on the spectral needs of its applications, the sensor parameters 
can be easily modified to suit different spectral ranges. Future work is necessary to implement 
the sensors potential applications for optical ultrasound imaging and pressure wave detection and 
mapping. 
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Appendix A. General Diffraction Gratings Fabrication 
 
 
Materials 
• Substrate: Silicon wafer or glass 
• HMDS (Hexamethyldisilazane) 
• Shipley Microposit S1805 
 
Preparation 
• Substrate preparation: 
1. Cleave or cut substrate to 1”x1” samples or appropriate size 
2. Clean substrate using acetone, methanol, and isopropyl alcohol 
3. Blow dry with nitrogen  
• Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
• Substrate priming: 
1. Remove HMDS from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of HDMS on substrate surface 
3. Spread at 500rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake HDMS coated substrate at 95°C for 60 seconds 
6. Remove from hot plate and allow sample to cool  
• Resist preparation: 
1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of S1805 on HDMS coated substrate surface 
3. Spread at 500 rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake photoresist coated substrate at 95°C for 60 seconds 
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• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
6.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer 
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
• Refer to exposure angle vs. grating period figure 
6. Turn on shutter controller and set to appropriate exposure time 
• Refer to exposure time vs. grating period figure 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
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Appendix B. Refractive Index Sensor 
 
Materials 
• 22 x 22 x 0.15mm microscope cover glass 
• PMMA 950 A11 (polymethyl methacrylate) 
• MicroChemSU-8 2 
o Diluted SU-8 2 is used to create single-mode supporting waveguide layer 
o Dilute SU-8 2 with SU-8 2 Thinner in 1:1 volume ratio 
• Shipley Microposit S1805 
 
Preparation 
• Substrate preparation: 
1. Submerge glass in HCL solution for 5 minutes if organic contaminants are present 
2. Clean glass using acetone, methanol, and isopropyl alcohol 
3. Blow dry with nitrogen  
• Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
• Cladding layer preparation: 
1. Remove PMMA from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of PMMA on substrate surface 
3. Spread at 500rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake PMMA coated substrate at 180°C for 60 seconds 
6. Remove from hot plate and allow sample to cool  
• Waveguide layer preparation: 
1. Remove SU-8 2 from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of SU-8 2 on sample surface 
3. Spread at 500rpm for 5 seconds 
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4. Spin-coat at 5000rpm for 30 seconds 
5. Soft bake: 
1. Bake SU-8 2  coated substrate at 65°C for 60 seconds 
2. Bake SU-8 2  coated substrate at 95°C for 120 seconds 
6. Waveguide Exposure: 
• Expose sample with 365nm UV laser for 10 minutes 
1. Exposure time will depend on laser or exposure energy (mJ/cm2)  
2. SU-8 2 must be fully cured as it will interact with the S1805 resist 
otherwise 
7. Post exposure bake: 
• Bake SU-8 2  coated substrate at 65°C for 60 seconds 
• Bake SU-8 2  coated substrate at 95°C for 120 seconds 
8. Remove from hot plate and allow sample to cool  
• Resist preparation: 
1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette drop 3-5 drops of S1805 on sample surface 
3. Spread at 500 rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake photoresist coated substrate at 95°C for 60 seconds 
• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
6.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer 
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
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• Exposure angle of 78.5° is used render a peak reflecting wavelength at 
1547nm 
6. Turn on shutter controller and set to appropriate exposure time 
• Exposure time is set to 12 seconds 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
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Appendix C. Pressure and Ultrasound Sensor Fabrication 
 
Materials 
• 25 x 75 x 1mm microscope slide  
• Sylgard 184 PDMS (polydimethylsiloxane) orSolaris silicone rubber compound 
• NOA 163 (Norland Optical Adhesive 164) 
• Shipley Microposit S1805 
 
Preparation: 
• Substrate preparation: 
1. Cut glass to 25x25mm samples or appropriate size 
2. Submerge glass in HCL solution for 5 minutes 
3. Clean glass using acetone, methanol, and isopropyl alcohol 
4. Blow dry with nitrogen  
• Check there are no particles on surface 
5. Dehydrate substrate at 150°C for 10 minutes 
6. Remove from hot plate and allow substrate to cool 
• Cladding layer preparation: 
1. Note: for cladding layer different polymer materials can be used: 
• PDMS 
1. Weight and mix thoroughly silicone elastomer base and curing 
agent in a 10:1 weight ratio respectively 
• Solaris rubber compound 
1. Weight and mix thoroughly pre-mix Part A and Part B in a 1:1 
weight ratio  
2. Place mixture in vacuum to degas for 15 minutes 
3. With a pipette,drop 5-7 drops of mixture on sample surface center 
4. Spread at 100 rpmfor 5 seconds 
5. Spin-coat at 500rpm for 30 seconds 
6. Bake rubber compound coated substrate at 125°C for 60 minutes 
7. Remove from hot plate and allow sample to cool  
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• Waveguide layer preparation: 
1. Oxygen plasma treat hydrophilic cladding surface to improve adhesion: 
• Place samples inside reactive-ion etching (RIE) chamber 
• Oxygen level is set to 20ccm and RF Power to 100W for 30 seconds 
2. Remove NOA-164 from fridge and allow material to reach room temperature 
before opening container 
3. With a pipette, drop 5-7 drops ofNOA-164 on sample surface 
4. Spread at 500rpm for 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Waveguide Exposure: 
• Turn on fume hood fan to vent fumes from waveguide exposure 
• To prevent oxygen inhibition: 
1. Place sample inside air tight container and close 
2. Turn on nitrogen to 20 psi and let nitrogen blow for about 5 
seconds 
3. Reduce nitrogen flow to about 5 psi 
• Promptly expose sample inside nitrogen chamber with 365nm UV laser 
for 3 minutes as NOA-164 tends to bead up on the PDMS layer  
1. Exposure time will depend on laser or exposure energy (J/cm2)  
• Resist preparation: 
1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. Oxygen plasma treat hydrophilic NOA-164 surface to improve adhesion: 
• Place samples inside reactive-ion etching (RIE) chamber 
• Oxygen level is set to 20ccm and RF Power to 100W for 10 seconds 
3. With a pipette drop 3-5 drops of S1805 on sample surface 
4. Spread at 500 rpm for 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Bake photoresist coated substrate at 95°C for 90 seconds 
• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
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7.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer  
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
• Exposure angle of 78° to render a peak reflecting wavelength at 
approximately 1545nm 
6. Turn on shutter controller and set to appropriate exposure time 
• Exposure time is set to 19 seconds 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
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Appendix D. Ultrasound Sensor Fabrication (Teflon) 
 
Materials 
• Teflon sheet 
• Sylgard 184 PDMS (polydimethylsiloxane) or Solaris silicone rubber compound 
• NOA 163 (Norland Optical Adhesive 164) 
• Shipley Microposit S1805 
Preparation: 
• Substrate preparation: 
1. Cut Teflon sheet to 1”x1” samples or appropriate size 
2. Clean glass using acetone, methanol, and isopropyl alcohol 
3. Blow dry with nitrogen  
• Check there are no particles on surface 
4. Dehydrate substrate at 100°C for 20 minutes 
5. Remove from hot plate and allow substrate to cool 
6. Tape Teflon sample to a glass slide with cellophane tape 
• Glass slide must be larger than Teflon sample 
• Cladding layer preparation: 
1. Note: for cladding layer different polymer materials can be used: 
• PDMS 
1. Weight and mix thoroughly silicone elastomer base and curing 
agent in a 10:1 weight ratio respectively 
• Solaris rubber compound 
1. Weight and mix thoroughly pre-mix Part A and Part B in a 1:1 
weight ratio  
2. Place mixture  in vacuum to degas for 15 minutes 
3. With a pipette,drop 5-7 drops of mixture on sample surface center 
4. Spread at 100 rpmfor 5 seconds 
5. Spin-coat at 500rpm for 30 seconds 
6. Bake rubber compound coated substrate at 125°C for 60 minutes or at 23°C 
(room temperature) for 24 hours 
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7. If heat cured, remove from hot plate and allow sample to cool  
• Waveguide layer preparation: 
1. Oxygen plasma treat hydrophilic cladding surface to improve adhesion: 
• Place samples inside reactive-ion etching (RIE) chamber 
• Oxygen level is set to 20ccm and RF Power to 100W for 30 seconds 
2. Remove NOA-164 from fridge and allow material to reach room temperature 
before opening container 
3. With a pipette, drop 5-7 drops ofNOA-164 on sample surface 
4. Spread at 500rpm for 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Waveguide Exposure: 
• Turn on fume hood fan to vent fumes from waveguide exposure 
• To prevent oxygen inhibition: 
1. Place sample inside air tight container and close 
2. Turn on nitrogen to 20 psi and let nitrogen blow for about 5 
seconds 
3. Reduce nitrogen flow to about 5 psi 
• Promptly expose sample inside nitrogen chamber with 365nm UV laser 
for 3 minutesas NOA-164 tends to bead up on the PDMS layer  
1. Exposure time will depend on laser or exposure energy (J/cm2)  
• Resist preparation: 
1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. Oxygen plasma treat hydrophilic NOA-164 surface to improve adhesion: 
• Place samples inside reactive-ion etching (RIE) chamber 
• Oxygen level is set to 20ccm and RF Power to 100W for 10 seconds 
3. With a pipette drop 3-5 drops of S1805 on sample surface 
4. Spread at 500 rpm for 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Bake photoresist coated substrate at 95°C for 90 seconds 
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• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
7.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer  
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
• Exposure angle of 78° to render a peak reflecting wavelength at 
approximately 1545nm 
6. Turn on shutter controller and set to appropriate exposure time 
• Exposure time is set to 19 seconds 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
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Appendix E. PDMS Membrane Fabrication (PAA) 
 
Materials 
• Silicon wafer 
• PAA (polyacrylic acid) 
• Sylgard184 PDMS (polydimethylsiloxane) 
• MicroChemSU-8 2 
o Diluted SU-8 2 is used to create single-mode supporting waveguide layer 
o Dilute SU-8 2 with SU-8 2 Thinner in 1:1 volume ratio 
• Shipley Microposit S1805 
 
Preparation 
• Substrate preparation: 
1. Cleave substrate to 1”x1” samples or appropriate size 
2. Clean substrate using acetone, methanol, and isopropyl alcohol 
3. Blow dry with nitrogen  
• Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
• Substrate priming: 
1. Remove PAA from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of PAA on substrate surface 
3. Spread at 200rpm for 5 seconds 
4. Spin-coat at 500rpm for 30 seconds 
5. Bake PAA coated substrate at 95°C for 60 seconds 
6. Remove from hot plate and allow sample to cool  
7. Repeat steps 2-6 to add a double coating 
• PDMS preparation: 
1. Weight and mix thoroughly silicone elastomer base and curing agent in a 10:1 
weight ratio respectively 
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2. Place PDMS mixture in vacuum to degas for 15 minutes 
3. With a pipette,drop 5-7 drops of PDMS on sample surface center 
4. Spread at 500 rpmfor 5 seconds 
5. Spin-coat at 500rpm for 30 seconds 
6. Bake PDMS coated substrate at 125°C for 60 minutes 
7. Remove from hot plate and allow sample to cool  
• Waveguide layer preparation: 
1. Oxygen plasma treat hydrophilic PDMS surface to improve adhesion: 
• Place samples inside reactive-ion etching (RIE) chamber 
• Oxygen level is set to 20ccm and RF Power to 100W for 30 seconds 
2. Remove SU-8 2 from fridge and allow material to reach room temperature before 
opening container 
3. With a pipette, drop 3-5 drops of SU-8 2 on sample surface 
4. Spread at 500rpm for 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Soft bake: 
3. Bake SU-8 2  coated substrate at 65°C for 60 seconds 
4. Bake SU-8 2  coated substrate at 95°C for 120 seconds 
7. Waveguide Exposure: 
• Expose sample with 365nm UV laser for 10 minutes 
1. Exposure time will depend on laser or exposure energy (mJ/cm2)  
2. SU-8 2 must be fully cured as it will interact with the S1805 resist 
otherwise 
8. Post exposure bake: 
• Bake SU-8 2  coated substrate at 65°C for 60 seconds 
• Bake SU-8 2  coated substrate at 95°C for 120 seconds 
9. Remove from hot plate and allow sample to cool  
• Resist preparation: 
1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette drop 3-5 drops of S1805 on sample surface 
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3. Spread at 500 rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake photoresist coated substrate at 95°C for 60 seconds 
• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
6.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer 
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
• Exposure angle of 78.5° is used render a peak reflecting wavelength at 
1547nm 
6. Turn on shutter controller and set to appropriate exposure time 
• Exposure time is set to 12 seconds 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
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4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
• Supporting layer 
1. A silicon wafer is used as the base to make the PDMS supporting layer 
• Check wafer surface is free of particles 
• Clean if necessary: 
1. Clean substrate using acetone, methanol, and isopropyl alcohol 
2. Blow dry with nitrogen  
3. Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
2. Pour PDMS on the silicon wafer with metal barrier in place to mold the PDMS  
3. Bake wafer withPDMS at 125°C for 60 minutes 
4. Remove from hot plate and allow sample to cool  
5. Gently peel PDMS from wafer and from metal barrier 
6. Place clean surface (surface that came in contact with silicon wafer) upside down  
7. With a razor, cut the PDMS to approximately the size of the diffraction gratings 
8. With a hole puncher, punch hole in middle of PDMS sample 
9. Clean PDMS surface by pressing cellophane tape on surface and removing it 
• Bonding 
1. Oxygen plasma treat sample with the diffraction grating and the supporting 
PDMS layer to improve adhesion: 
• Place diffraction grating sample and PDMS supporting layer inside 
reactive-ion etching (RIE) chamber 
• The supporting layer clean surface needs to face up 
• Oxygen level is set to 20ccm and RF Power to 100W for 10 seconds 
2. Press supporting layer on top of diffraction grating sample 
• The punched hole in the supporting layer should line up with the grating 
area 
3. Bake sample at 100°C for 3 minutes 
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4. Remove from hot plate and allow substrate to cool  
• Membrane 
1. Place sample inside a container with DI water for 24 hours or until PAA layer is 
fully dissolved 
2. Gently separate the silicon wafer from the remaining PDMS, waveguide, and 
grating structure 
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Appendix F. PDMS Membrane Fabrication (peeling) 
 
Note 
• Membrane did not exhibit a peak reflective wavelength using this structure since it 
requires a thinner PDMS layer 
• PDMS peeling process was successful using silane 
 
Materials 
• Silicon wafer 
• HMDS (Hexamethyldisilazane) 
• Shipley Microposit S1805 
• (tridecafluoro-1,1,2,2-tetrahydrooctyl)silane 
• Sylgard 184 PDMS (polydimethylsiloxane) 
 
Preparation 
• Substrate preparation: 
1. Cleave or cut substrate to 1”x1” samples or appropriate size 
2. Clean substrate using acetone, methanol, and isopropyl alcohol 
3. Blow dry with nitrogen  
• Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
• Substrate priming: 
1. Remove HMDS from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of HDMS on substrate surface 
3. Spread at 500rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake HDMS coated substrate at 95°C for 60 seconds 
6. Remove from hot plate and allow sample to cool  
• Resist preparation: 
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1. Remove S1805 from fridge and allow material to reach room temperature before 
opening container 
2. With a pipette, drop 3-5 drops of S1805 on HDMS coated substrate surface 
3. Spread at 500 rpm for 5 seconds 
4. Spin-coat at 5000rpm for 30 seconds 
5. Bake photoresist coated substrate at 95°C for 60 seconds 
• Use thermometer to check hot plate temperature as resist is very sensitive 
to temperature differences 
6.  Remove from hot plate and allow sample to cool  
• Exposure: 
1. Place samples inside covered container to prevent unwanted exposure to ambient 
light 
2. Turn on CrystaLaser 405nm and allow laser to stabilize for 5 minutes 
3. Place and secure sample on sample holder  
4. Place sample holder in the interferometer 
5. Rotate platform by appropriate degrees to obtain appropriate grating period 
• Refer to exposure angle vs. grating period figure 
6. Turn on shutter controller and set to appropriate exposure time 
• Refer to exposure time vs. grating period figure 
7. Start timer on shutter controller 
• It is critical that there are no movements or vibrations during the 
photoresist exposure step as it will degrade the quality of the gratings 
8. Remove sample holder from interferometer 
9. Remove sample for sample holder and place inside container 
• Develop: 
1. Pour Microposit MIF-319 in appropriate container 
2. Pour deionized water in appropriate container 
3. Submerge sample in MIF-319 and lightly agitate solution until sample is fully 
developed 
• 6-10 seconds is normally used to develop samples 
• Exposed areas will darken as it develops 
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• Samples that have been exposed correctly will exhibit a half circle in the 
area in which it was exposed 
4. Promptly submerge sample in DI water and lightly rinse solution until residual 
photoresist is removed 
5. Remove from DI water and blow dry with nitrogen air 
• Surface Treatment 
1. Place gratings inside treatment vacuum chamber  
2. Place 1-3 drops of silaneµ in chamber’s center 
3. Close and turn valve on to vacuum chamber 
4. Turn valve off and allow samples to sit 12 hours in the chamber 
• PDMS layer preparation: 
1. Weight and mix thoroughly silicone elastomer base and curing agent in a 10:1 
weight ratio respectively 
2. Place PDMS mixture in vacuum to degas for 15 minutes 
3. With a pipette,drop 5-7 drops of PDMS on sample surface center 
4. Spread at 100 rpmfor 5 seconds 
5. Spin-coat at 5000rpm for 30 seconds 
6. Bake PDMS coated substrate at 125°C for 60 minutes 
7. Remove from hot plate and allow sample to cool  
• Supporting layer 
1. A silicon wafer is used as the base to make the PDMS supporting layer 
• Check wafer surface is free of particles 
• Clean if necessary: 
1. Clean substrate using acetone, methanol, and isopropyl alcohol 
2. Blow dry with nitrogen  
3. Check there are no particles on surface 
4. Dehydrate substrate at 150°C for 10 minutes 
5. Remove from hot plate and allow substrate to cool  
2. Pour PDMS on the silicon wafer with metal barrier in place to mold the PDMS  
3. Bake wafer withPDMS at 125°C for 60 minutes 
4. Remove from hot plate and allow sample to cool  
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5. Gently peel PDMS from wafer and from metal barrier 
6. Place clean surface (surface that came in contact with silicon wafer) upside down  
7. With a razor, cut the PDMS to approximately the size of the diffraction gratings 
8. With a hole puncher, punch hole in middle of PDMS sample 
9. Clean PDMS surface by pressing cellophane tape on surface and removing it 
• Bonding 
1. Oxygen plasma treat sample with the diffraction grating and the supporting 
PDMS layer to improve adhesion: 
• Place diffraction grating sample and PDMS supporting layer inside 
reactive-ion etching (RIE) chamber 
• The supporting layer clean surface needs to face up 
• Oxygen level is set to 20ccm and RF Power to 100W for 10 seconds 
2. Press supporting layer on top of diffraction grating sample 
• The punched hole in the supporting layer should line up with the grating 
area 
3. Bake sample at 100°C for 3 minutes 
4. Remove from hot plate and allow substrate to cool  
• Membrane 
1. Gently separate the silicon wafer and resist from the PDMS layer and supporting 
layer 
 
 
 
 
 
 
